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Dual effects of Escherichia coli-hemolysin on rat renal proxi- Pyelonephritis is one of the most common renal dis-
mal tubule cells. eases. Approximately 50% of all cases of pyelonephritis
Background. -Hemolysin (HlyA) producing Escherichia coli are caused by -hemolysin (HlyA) producing Escherichiais a common cause of pyelonephritis and subsequent renal
coli [1, 2]. Permanent renal scarring is a common compli-scarring. Recent studies have suggested that toxin secreted
from HlyA E. coli may not only have a lytic effect, but also may cation following HlyA E. coli infection [3, 4]. This effect
activate a calcium signaling pathway in renal tubule cells. A may be independent of bacterial adherence to the host
dose dependent study was performed on the interaction be- cell, since studies performed on cultured human proxi-tween HlyA E. coli secretions and rat renal proximal tubule
mal tubular cells have shown that HlyA secreted from(PT) cells with regards to calcium signaling and cell morphol-
ogy. The site of interaction between HlyA secretion and PT E. coli can cause cell death [5, 6].
cells was examined by using an antagonist to a common binding -Hemolysin is generally considered to belong to the
motif in bacterial proteins. group of pore-forming toxins [7, 8]. Several biologicalMethods. Supernatant from an overnight culture of HlyA
consequences other than cell lysis have recently beenwas freshly prepared for each experiment. Renal PT cells from
described for these toxins, suggesting that they may notinfant rats were cultured for three days and exposed for 30
minutes to four hours to supernatant or purified HlyA. Effects necessarily cause permanent cell damage [9–12]. We
on cell morphology were studied semiquantitatively with light have shown that rat renal proximal tubular cells exposed
microscopy. Intracellular calcium was measured ratiometrically
to HlyA producing E. coli and purified HlyA inducein the presence or absence of drugs.
intracellular calcium oscillations in the target cell, andResults. Renal PT cells incubated with low doses of HlyA
supernatant responded within five minutes with calcium oscilla- that this calcium signal activates the proinflammatory
tions. Morphology appeared unchanged after four hours of mediators interleukin (IL)-6 and IL-8 [12]. Dragneva et al
incubation. In contrast, high doses of HlyA caused a sustained
recently reported that sublytic doses of staphylococcalincrease in intracellular calcium and majority of cells were
alpha toxin activate nuclear factor-B (NF-B) [11].lysed within four hours. Calcium oscillations caused by lower
doses of HlyA supernatant were highly regular and slow in the Taken together, these observations raise the question
10 to 12 minute range. Oscillations were abolished by 6-cyano- of whether pore formation is preceded by a receptor-
7-nitroquinoxaline-2, 3-dione (CNQX), indicating that HlyA
mediated interaction between the toxin and the plasmais interacting with a QPB/LAOBP-motif.
membrane of the target cell, which may produce an ac-Conclusion. HlyA secreted from uropathogenic E. coli ex-
erts a dual action on renal PT cells. Sublytical concentrations tive defense response in the target cell. If this was the
induce a response that may serve as a host defense, while high case, only a high concentration of HlyA in renal tissue
concentrations cause irreversible cell damage. The data empha-
might lead to permanent tissue damage, while low con-size the importance of high diuresis in urinary tract infection.
centrations of HlyA in the tubular lumen would lead to
an active defense response in the renal epithelial cells.
Such a mechanism would have many important clinical
implications.
To explore the possibility that HlyA may exert a dual
effect on renal epithelial cells, we studied the dose-depen-
Key words: pyelonephritis, renal epithelial cells, AMPA, CNQX, cal- dent effect of HlyA toxin secreted from E. coli on cellcium oscillations, kidney scarring, cell signaling, bacterial proteins,
diuresis, urinary tract infection. morphology and the intracellular calcium response, using
rat proximal tubular cells in primary culture. Using puta-
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METHODS Aldrich, St. Louis, MO USA). CNQX and MK801 were
diluted in DMSO (Fluka; Sigma-Aldrich), while meca-Preparation of primary proximal tubule cells
mylamine was diluted in H2O. The stock solution wasRat proximal tubule cells were prepared from kidneys diluted to achieve the concentration indicated in each
taken from 20-day-old Sprague-Dawley rats as previously experiment. The final concentration of DMSO never
described [13]. Cells were cultured in supplemented Dul- exceeded 1%.
becco’s modified Eagle’s medium (DMEM; 20 mmol/L
Hepes, 24 mmol/L NaHCO3, 10g/mL penicillin, 10g/mL Power spectrum analysis
streptomycin and 10% fetal bovine serum (FBS) on glass A power spectrum of a signal is the squared magnitude
cover slips for 48 hours in 5% CO2 at 37C. Cells were of its Fourier Transform, and describes the contribution
serum starved (1% FBS) and cultured in the absence of to a signal by each of its sine wave components [15]. We
antibiotics for 24 hours before the experiment. used MATLAB to filter and center the oscillating section
of a single cell measurement; the trend was corrected byPreparation of bacteria
computing the Gauss least-squared approximation and
Uropathogenic E. coli strain ARD6 (serotyped O6:K13: subtracting the trend from the original data. A fast Fou-
H1, World Health Organization designation Su 4344/41 rier Transform was used to calculate the discrete Fourier
[14]) was cultured overnight in Luria-Bertani (LB) me- Transform. This produces a spectrum where the peaks
dium at 37C. This strain expresses the exotoxin HlyA. correspond to the different frequencies present in the
The bacterial suspension was centrifuged and the super- original data. The dominant peak was determined by
natant filtered through a Millipore filter prior to use. comparing the relative power of the peaks in the spec-
The bacterial supernatant was assayed for hemolytic ac- trum. The relative power was calculated by determining
tivity as described [8]. One thousand hemolytic units the area between the two extremes closest to the peak,
(H.U.) were defined as the dilution giving 60% hemolysis divided by the total area of the power spectrum.
of 2.5% sheep erythrocyte suspension; 100 L su-
perntant corresponded roughly to 100 H.U. When puri- Morphological study
fied toxin was used, we followed the protocol of Bhakdi Renal proximal tubule cells used for morphological
et al [8]. The purified material was run on a sodium do- analysis were cultured on cover slips for 48 hours and
decyl sulfate-polyacrylamide gel electrophoresis (SDS- then exposed to 10 or 100 L/mL HlyA E. coli superna-
PAGE) and the purity of the toxin was estimated to tant. The cells were incubated for four hours in 5% CO2,
approximately 70%. Protein concentration was deter- 37C. The cells were washed in 0.01 mol/L phosphate-
mined by Bio-Rad (Bio-Rad Laboratories, Hercules, buffered saline (PBS; Na2HPO4, NaH2PO4, NaCl, KCl)
CA, USA). and fixed in 4% formaldehyde in phosphate buffer
(NaH2PO4, Na2HPO4; Apoteksbolaget, Stockholm, Swe-Ratiometric imaging den), pH 7.0 for 15 minutes at room temperature. The
Cells were incubated with 30 mol/L Fura-2 ace- cells were stained with 2% Cresyl violet for 20 seconds
tylmethyl ester (Fura-2/AM) (Molecular Probes, Eugene, and progressively washed through distilled H2O and
OR, USA) in P medium (100 mmol/L NaCl, 4 mmol/L 70%, 95% and 99% EtOH and mounted in Mountex.
KCl, 20 mmol/L Hepes, 25 mmol/L NaHCO3, 1 mmol/L Cells were visually examined in light microscope. Normal
CaCl2, 1.2 mmol/L MgCl2, 1 mmol/L NaH2PO4-H2O and renal epithelial cells grew in cell clusters with a cobble-
10 mmol/L d-glucose) for 30 to 60 minutes before the stone-like appearance. There were 5 to 100 cells/cluster.
[Ca2]i measurements. Ratiometric imaging was performed Cells were observed for pyknotic nuclei, disrupted cell
using a heated chamber (FCS2; Bioptechs, Butler, PA, membranes and abnormal shape. From 1400 to 1800
USA) mounted on a Zeiss Axiovert 135 microscope using cells were inspected for each concentration tested, in six
a 40/1.4 epifluorescence oil-immersion objective (Zeiss, individual experiments.
Oberkochen, Germany). Emission fluorescence was col- One protocol examined cells fixed with paraformalde-
lected via a GenIISys image intensifier system connected hyde for apoptosis. The DNA fragmentation associated
to a CCD-camera (MTI CCD72; Dage-MTI) and acquisi- with apoptosis was detected in situ by the use of a commer-
tion software from Inovision Corporation (Raleigh, NC, cial kit (ApopTag; Oncor, Gaithersburg, MD, USA).
USA). Cells were excited every 60 seconds, which corre- In another protocol the number of mitotic cells was
spond to a Nyqvist frequency of 8.35 mHz. determined semiquantitatively by visual inspection in
Renal proximal tubule cells grew in clusters of various light microscope. Renal proximal tubule (PT) cells were
sizes (5 to 100 cells/cluster). Clusters of 15 to 35 cells cultured for 24 hours in DMEM and 10% FBS prior
were chosen for intracellular calcium recording. to treatment with or without 15 L/mL HlyA E. coli
In experiments using antagonists the cells were treated supernatant for 20 hours. Cells with central chromatine
dividing toward the centriols and cells with two nucleiwith CNQX, MK801 or mecamylamine (all from Sigma-
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Fig. 1. Dose-dependent effect of supernatant
from -hemolysin (HlyA) Escherichia coli (E.
coli) medium on intracellular calcium response
in renal proximal tubule (PT) cells. In most
experiments an effect of intracellular calcium
was observed in approximately 60% of cells.
These cells were generally localized in the pe-
riphery of a cell cluster. Two types of calcium
response were observed, either an oscillating
pattern or a sustained increase. Forty to 160
cells were examined for each concentration
of supernatant HlyA. (A) A representative
experiment showing the typical pattern of cal-
cium oscillation. (B) A representative experi-
ment showing a typical pattern of sustained
elevated calcium response. (C) Cells respond-
ing with calcium oscillations () in % of total
number of responding cells. (D) Percent of
cells responding with sustained calcium ()
in % of total number of responding cells.
in the same cytoplasm were considered as mitotic cells. ing cycles: one cycle at 94C for three minutes, 35 cycles
Approximately 100 cells were inspected in four individ- at 94C for 30 seconds; 56C for 30 seconds; 72C for 45
ual experiments of supernatant exposed versus control seconds and one cycle at 72C for five minutes. The
cells. Values are presented as % of total number of in- polymerase chain reaction (PCR) products were run on
spected cells. a 1.5% agarose gel and stained with ethidium bromide.
Detection of AMPA receptor by RT-PCR Statistics
Total mRNA from rat brain, kidney cortex and me- Values are presented as mean  SEM.
dulla and proximal tubule cells (primary culture 48 hours)
were extracted using a total RNA extraction kit (Gen-
RESULTSElute, Sigma-Aldrich). The reverse transcriptase reac-
Renal proximal tubule cells in primary culture weretion was performed in 20 L reaction mixture containing
exposed to gradually increasing concentrations (rangingM-MVL reverse transcriptase (RT) buffer (Promega,
from 10 to 100 L/mL) of sterile filtered supernatant fromMadison, WI, USA), 1 mmol/L oligo (dT) (Promega), 1
an overnight culture of the HlyA producing E. coli strainmmol/L dNTP (Roche, Indianapolis, IN, USA), 40 U
ARD6. Intracellular calcium was consistently found torRNasein (Promega) and 1 g total mRNA. M-MLV
be constant and no spontaneous calcium oscillationsRT, 200 U, was added and the tube was incubated at
were observed prior to addition of supernatant or puri-42C for 60 minutes, followed by 95C for 10 minutes.
fied toxin. Approximately 60% of the total cell popula-To exclude DNA contamination, PTC mRNA was run
tion responded to the HlyA E. coli supernatant with awithout RT. The cDNA was amplified in a protocol
change in intracellular calcium regardless of the concen-modified from Dai, Egebjerg and Lambert [16], using
tration used. The calcium response was generally ob-AMPA receptor primers, recognizing all four AMPA
served in cells in the periphery of a cluster.receptor subunits (sense, CCT TTG GCC TAT GAG
When 10 to 30 L/mL of supernatant was used, cal-ATC TGG ATG TG; antisense, TCG TAC CAC CAT
cium oscillations were observed in 98% of the respond-TTG TTT TTC A) The amplification solution contained
ing cells (Fig. 1 A, C). When the concentration was in-Gene Amp 10PCR Gold Buffer (PE Biosystems, Weit-
creased to 40 and 50 L/mL, 88 and 76% cells respondederstadt, Germany), 2.5 mmol/L MgCl2 (PE Biosystems),
with oscillations, respectively, and the remaining re-2.5 mmol/L AMPA receptor primers (CyberGene AB,
sponding cells exhibited a sustained increase in calciumStockholm, Sweden) or 1 mol/L -actin primers (Cyber-
(Fig. 1 B, C). At the concentration of 100 L/mL onlyGene AB, Stockholm, Sweden), 1 mmol/L dNTP (Roche),
25% of cells oscillated and the remaining cells showed5 L cDNA and 0.25 U Taq Polymerase Gold (PE Bio-
a sustained intracellular calcium increase (Fig. 1C). Insystems) in a final volume of 25 L. -actin was run in
parallel. Amplification was performed using the follow- cells that showed sustained elevation of calcium, a rapid
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Fig. 2. Intracellular calcium response to two
concentrations of purified HlyA. (A) Cells ex-
posed to 7 ng/mL purified HlyA. (B) Cells ex-
posed to 50 ng/mL purified HlyA.
Table 1. HlyA containing E. coli supernatant at concentration
ranging between 10 and 50 L/mL caused calcium oscillations
of similar frequency and periodicity
Dose Number Peak frequency Relative power Periodicity
lL/mL of cells mHz % min
10 80 1.40.1 50 11.90.7
20 15 1.60.2 55 10.61.3
30 24 1.40.2 51 12.21.2
40 14 1.40.3 45 12.22.0
50 7 1.90.3 61 9.01.1
decrease in intracellular calcium below the basal level
was often observed after 45 to 90 minutes. We interpret
this abrupt decrease in intracellular calcium level as a
sign of cell lysis.
The dose-dependent effect of HlyA purified from E.
coli supernatant is shown in Figure 2. HlyA at a concen-
tration of 7 ng/mL induced calcium oscillation while a
tenfold increase in toxin concentration resulted in a sus-
tained increase in intracellular calcium.
To determine the dominant frequency of the calcium
oscillations induced by HlyA containing supernatant,
spectral analysis was performed. Cells exposed to super-
natant concentrations ranging between 10 and 50 L/mL
exhibited a similar constant, low frequency calcium oscil-
lation at an average frequency of 1.5 mHz. This corre-
sponded to a period of 11.2 minutes. The dominant fre-
quency had a power of 50% (Table 1).
Cell morphology and correlation with calcium response
To investigate the effects of HlyA on cell morphology, Fig. 3. Typical images showing morphological appearance of renal proxi-
mal tubule cells exposed to (a) low (10L/mL) and (b) high concentrationthe renal PT cells were exposed either to low concentra-
(100 L/mL) of supernatant from HlyA E.coli for four hours.tions of supernatant (10 L/mL), which resulted in cal-
cium oscillations or to high (100 L/mL) concentrations
of supernatant, resulting in a sustained, elevated intracel-
lular calcium level in the majority of cells. Morphological membrane integrity and a large, lightly stained nucleus.
Pyknotic nuclei and disrupted cell membrane were ob-examination performed four hours after exposure to low
concentrations of supernatant showed few abnormalities. served in less than 10% of all cells, which is similar to
what we found in vehicle-incubated cells. In contrast,Cells grew in clusters with a cobblestone-like appear-
ance, characteristic of cultured epithelial cells (Fig. 3a) the majority of the cells incubated with the high concen-
tration of supernatant displayed a variety of morphologi-and, like the vehicle incubated cells, exhibited complete
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Fig. 4. Dose-dependent effect of CNQX on calcium oscillations induced by HlyA from E. coli HlyA medium. Arrows indicate addition of drug
or change of medium. Cells were pretreated with 1 to 200 mol/L CNQX (A) for 10 to 15 minutes in the Fura-2 cell-image system before (B)
the addition of supernatant. At (C ) the cells were rinsed with P-buffer and at (D) re-incubated with HlyA supernatant alone. Typical results are
shown from experiments using five different concentrations of CNQX. Two to six experiments were performed at each dose of CNQX and 13 to
20 cells were studied in each experiment. In panel A: (a) 1 mol/L CNQX; (b) 1 mol/L CMQX  E. coli supernatant; (c) wash; (d) E. coli
supernatant. In panel B: (a) 10 mol/L CNQX; (b) 10 mol/L CNQX  E. coli supernatant; (c) wash; (d) E. coli supernatant. In panel C: (a) 50
mol/L CNQX; (b) 50 mol/L CNQX  E. coli supernatant; (c) wash; (d) E. coli supernatant. In panel D: (a) 100 mol/L CNQX; (b) 100 mol/L
CNQX  E. coli supernatant; (c) wash; (d) E. coli supernatant. In panel E, (a) 200 mol/L CNQX; (b) 200 mol/L CNQX  E. coli supernatant;
(c) wash; (d) E. coli supernatant.
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Fig. 5. Expression of the AMPA receptor mRNA studied with RT-
PCR in rat brain (B), rat kidney cortex (KC), rat kidney medulla (KM)
and rat proximal tubule cells (PTC). -actin was run in parallel. M is
the molecular weight marker.
cal abnormalities after four hours, including small pyk-
notic nuclei, disrupted plasma membrane and spreading
of cell debris. This morphological picture is compatible
with cell lysis (Fig. 3b). Lysed cells were more commonly
found in the periphery than in the center of the cell
cluster. Very few of E. coli treated cells were positively
stained with end-labeled endonuclease cleaved DNA,
indicating that cells with pyknotic nuclei were not a sign
of apoptosis (data not shown).
Incubation with low doses of HlyA E. coli supernatant
for 20 hours did not inhibit cell proliferation. In the Fig. 6. Effects of the NMDA receptor antagonist, MK801 (A), and
the acetylcholine receptor antagonist, mecamylamine (B), on calciumvehicle incubated cells 13.0% 1.8% and in supernatant
oscillations induced by E.coli HlyA supernatant. The experiments wereincubated cells 13.4%  1.1% underwent mitosis.
performed as in the CNQX experiment shown in Figure 4. Two to three
experiments were performed for each drug and 13 to 17 cells were
Role of CNQX binding motif observed in each experiment. In panel A, the letters represent: (a) 100
mol/L MK801; (b) 100 mol/L MK801E. coli supernatant; (c) wash;In search for a protein that would interact with HlyA
(d) E. coli supernatant. In panel B, the letters represent: (a) 10 mol/L
to promote toxin-induced calcium oscillations, we have mecamylamine; (b) 10 mol/L mecamylamine  E. coli supernatant;
(c) wash; (d) E. coli supernatant.reviewed some common motifs for protein-protein inter-
action in bacteria. Two such motifs are the glutamine-
binding protein (QBP)/lysine-arginine-ornithine-binding
protein (LAOBP)-like module [17, 18]. These motifs co-
CNQX was due to inactivation of the AMPA receptor,exist in several mammalian integral membrane proteins,
we examined whether AMPA receptors were expressedincluding the glutamate -amino-3-hydroxy-5-methyl-iso-
in the kidney. RT-PCR was performed on mRNA ex-xazole-4-propionate (AMPA) receptor. The AMPA re-
tracted from rat kidney cortex and medulla, primaryceptor antagonist, 6-cyano-7-nitroquinoxaline-2, 3-dione
cultured RPT cells and as a positive control, the brain.(CNQX), has been shown to bind to this region [18].
No renal expression of the AMPA receptor could beCNQX in the range of 100 to 200 mol/L completely
detected, using the same primers as for brain (Fig. 5).abolished the calcium oscillations (Fig. 4 D, E). After the
The NMDA receptor and the acetylcholine receptorwashout, the cells again responded with calcium oscilla-
(nicotinic) have tertiary structures similar to the AMPAtions to the E. coli supernatant, indicating that CNQX
receptor and were thus potential candidates for initiatingdid not have a toxic effect on the cells. In cells incubated
calcium oscillations. Renal PT cells were pre-incubatedwith 10 to 50 mol/L CNQX, the number of cells re-
with either the NMDA-receptor antagonist MK801 (100sponding to E. coli supernatant was attenuated and the
mol/L) or the acetylcholine receptor (nicotinic) antago-amplitude of the calcium oscillations was lower (Fig. 4
nist mecamylamine (10 mol/L), for 10 minutes. NeitherB, C). In cells incubated with 1 mol/L CNQX, there
MK801 nor mecamylamine showed any inhibitory effectwas no detectable effect on calcium oscillations (Fig. 4A).
To exclude the possibility that the antagonistic effect of on HlyA-induced calcium oscillations (Fig. 6).
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DISCUSSION tion that lower concentrations induced constant low fre-
quency calcium oscillations, which could be blocked byThis study presents physiological and morphological
CNQX, adds further evidence to the concept that HlyAevidence that HlyA toxin, secreted from uropathogenic
in sublytical concentrations may act as a ligand to aE. coli, exerts a dual action on renal proximal tubule
membrane receptor. The inhibitory effect of CNQX onepithelial cells. Low concentrations of the secreted toxin
calcium oscillations was dose-dependent and specific forinduced an oscillatory calcium signal that is attributable
this receptor antagonist. The CNQX binding site hasto HlyA [12]. The induction of calcium oscillations, which
been identified in the ionotropic glutamate receptorappears to be mediated by the interaction between HlyA
(AMPA/kainate) [18]. The tertiary structure of this re-and a protein with a CNQX binding motif, had little
ceptor has been predicted from sensitive amino acidvisible effect on cell morphology. High concentrations
analysis and shares a high degree of similarity with crys-of the secreted toxin caused a sustained increase in intra-
tallized bacterial periplasmic binding protein (BPB)cellular calcium and morphological changes compatible
[17, 23]. The ligand-binding pocket contains the evolu-with cell lysis in the majority of cells.
tionary conserved binding motifs, QBP-LAOBP.The effects of high concentration HlyA supernatant
Our findings that HlyA from uropathogenic E. colicorroborate the findings by Trifillis et al, that bacteria-
exerts a dual action on renal PT cells have several clinicalfree filtrate HlyA can be cytolethal [6]. The majority of
implications. It is known empirically that high fluid in-cells exposed to 100L/mL of HlyA supernatant exhibited
take and high diuresis is beneficial in pyelonephritis.an increase in intracellular calcium level that was sus-
Such a regimen may act to decrease the concentrationtained until the cells lysed. Elevated intracellular calcium
of secreted toxin. Despite adequate antibiotic therapy,is known to be toxic to the cell and result in cell death
post-infectious renal scarring still occurs in many cases[19]. The role of calcium intoxication for HlyA-induced
of childhood pyelonephritis. Identification of the HlyAcell lysis remains to be elucidated.
receptor should make it pharmacologically possible toConcentrations of HlyA sufficient to cause cell lysis
prevent the lytic action of high concentrations of HlyA
presumably can be obtained when the HlyA expressing
and provide a beneficial addition to antibiotics in the
bacteria have invaded renal tissue and attached to the treatment of childhood pyelonephritis.
cells. Since uropathogenic E. coli is an extracellular bac-
terium, it would benefit from the nutrients released from ACKNOWLEDGMENTS
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